ABSTRACT: Quantum yields for charge transport across adenine tracts of increasing length have been measured by monitoring hole transport in synthetic oligonucleotides between photoexcited 2-aminopurine, a fluorescent analogue of adenine, and N 2 -cyclopropyl guanine. Using fluorescence quenching, a measure of hole injection, and hole trapping by the cyclopropyl guanine derivative, we separate the individual contributions of single-and multistep channels to DNA charge transport and find that with 7 or 8 intervening adenines the charge transport is a coherent, single-step process. Moreover, a transition occurs from multistep to single-step charge transport with increasing donor/ acceptor separation, opposite to that generally observed in molecular wires. These results establish that coherent transport through DNA occurs preferentially across 10 base pairs, favored by delocalization over a full turn of the helix.
' INTRODUCTION
The exceptional ability of DNA to mediate charge transport (CT) is the basis of novel molecular devices and may be exploited by the cell for both redox sensing and signaling. 1 The conduction properties of different DNA assemblies are found to be highly sensitive not only as to how the DNA is coupled within a particular assay but also as to how the DNA base pairs are dynamically stacked.
2 As a consequence, the sequence-dependent yields of DNA-mediated CT are not readily rationalized with superexchange and hopping through static structures. 2, 3 DNA CT is mediated by the π-stack of the base pairs and, for well-coupled donors and acceptors, can lead to charge migration over 200 Å. [2] [3] [4] For the quenching of photoexcited 2-aminopurine (Ap) by guanine across an adenine tract, the distance dependence is shallow but periodic with respect to tract length; the periodicity has been assigned as a consequence of transient delocalization over 4 A-T base pairs being ideal for forming a CT-active state. 5 Evidence for delocalization has been found from other experimental and theoretical studies. [6] [7] [8] [9] [10] [11] [12] [13] Furthermore, these CT-active states are nonequilibrium states, and their formation is conformationally gated. [13] [14] [15] [16] DNA CT can also be observed by measuring the chemical decomposition yields of the bases themselves, with guanine being the most reactive to oxidative damage. 17 Guanine degradation after oxidation is measured by strand cleavage at damage sites, or by direct measurement of decomposition products. Because guanine radical decomposition is slow (milliseconds) in the absence of additional reactive species, such as superoxide, 18 this measure of hole arrival is convoluted with the trapping and back electron transfer rates. 19, 20 We have recently studied CT yield using fast N-cyclopropyl radical traps 21 as substituents on guanine ( CP G), 16, 20 adenine ( CP A), 22 and cytosine ( CP C) 8 through the exocyclic amines. The subnanosecond decomposition of these traps upon oxidation or reduction allows measurement of preequilibrium hole occupation. 20 Notably, oxidation of CP G by a tethered, photoexcited rhodium intercalator has the same periodicity with respect to adenine tract length as does the CT quenching of photoexcited Ap by guanine. 16 Although the ring-opening rates have not been directly measured, there is ample evidence supporting picosecond ring-opening, including competition 20 with the subpicosecond recombination 23 between CP G radical cation and thionine radical anion, and competition 24 with picosecond recombination 25 (>5 Â 10 -9 s -1 ) between CP G radical cation and aminopurine radical anion. It is also noteworthy that fluorescence spectra for duplexes containing ApA CP G versus those containing ApAG are identical. 24 Here, we measure the quantum yields of total CT in comparable assemblies containing Ap and CP G separated by adenine tracts. Single-step CT yield is obtained from previous measurements of steady-state fluorescence quenching in the same sequences. 5 In these fluorescence experiments, the differences in Ap emission between sequences with inosine, where there is no CT, and sequences with guanine are compared; the amount of relative quenching from photoexcited Ap reports on the singlestep CT to the distant base. This depopulation, detected from the donor, but reliant on the nature of the acceptor, even several base positions away, can only be due to single-step CT between the donor and the acceptor. In multistep charge transfer to guanine, the initial depopulation of excited aminopurine occurs by oxidation of the bridge. Because substitution of inosine for guanine should not affect this initial step, the inosine-containing duplexes serve as a control for this Ap* relaxation mechanism.
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By comparing single-step and total charge transport yields, we delineate single-step and multistep contributions to DNAmediated charge transport for a series of guanine-terminated adenine tracts (Figure 1 ). We establish that for some long DNA assemblies, DNA CT is a single-step process. These results underscore the importance of long-range, coherent steps in DNA-mediated charge transport across delocalized domains, 5 and the inadequacy of hopping between localized sites as the sole mechanism for long-range CT through DNA. 4 ' EXPERIMENTAL SECTION Oligonucleotide Synthesis. DNA oligonucleotides were synthesized trityl-on using standard phosphoramidite chemistry on an ABI DNA synthesizer with Glen Research reagents. 2-Aminopurine (Ap) was incorporated as the N 2 -dimethylaminomethylidene protected phosphoramidite (Glen Research).
CP G-modified oligonucleotides were prepared by incorporating the precursor base, 2-fluoro-O 6 -paraphenylethyl-2 0 -deoxyinosine (Glen Research), as a phosphoramidite at the desired position. 15 The resin was then reacted with 1 M diaza-(1,3)bicyclo [5.4 .0]undecane (DBU, Aldrich) in acetonitrile to effectively remove the O 6 protecting group. Similarly, CP A-modified oligonucleotides were prepared by incorporating the precursor base, O 6 -phenyl-2 0 -deoxyinosine (Glen Research), as a phosphoramidite at the desired position. 22 For both CP G-and CP A-containing strands, the oligonucleotides were subsequently incubated overnight in 6 M aqueous cyclopropylamine (Aldrich) at 60°C, resulting in substitution, base deprotection, and simultaneous cleavage from the resin. The cleaved strands were dried in vacuo and purified by reversed-phase HPLC, detritylated by 80% acetic acid for 15 min, and repurified by reversed-phase HPLC. Oligonucleotides were characterized by MALDI-TOF mass spectrometry. Sequences are provided in Table S1 .
All oligonucleotides were suspended in a buffer containing 50 mM NaCl, 5 mM sodium phosphate, pH 7, and quantified using UV-visible spectroscopy. Duplexes were prepared by heating equal concentrations of complementary strands to 90°C for 5 min and slow cooling to ambient temperature.
Photooxidation Experiments. Samples were irradiated at ambient temperature. Duplexes (30 μL, 10 μM) in PBS were irradiated on a 1000 W Hg/Xe lamp equipped with a monochromator at 325 nm for 30 s unless otherwise indicated. To analyze for CP A or CP G decomposition following irradiation, samples were digested to the component nucleosides by phosphodiesterase I (USB) and alkaline phosphatase (Roche) to completion. The resulting deoxynucleosides were analyzed by reversed-phase HPLC using a Chemcobond 5-ODS-H, 4.6 mm Â 100 mm column. The amount of CP G or CP A per duplex was determined by taking the ratio of the area of the HPLC peak for d CP G or d CP A to the area of the peak for dT, the internal reference. The decomposition yield is taken as the percent loss of CP G or CP A between an irradiated sample and the dark control; at least nine samples and three dark controls are performed for each sequence. Dark control HPLC traces were quantified for the relative amounts of dA, dC, dG, dI, dT, d
CP A, and d CP G based on duplex sequence, to confirm strand stoichiometry. Actinometry was performed using a 6 mM ferrioxalate standard. 26 The given quantum yield is for the efficiency of formation of the ring-opened product per photon absorbed by 2-aminopurine. Errors are presented at 90% standard error of the mean (sem), using the Student's t-distribution at the appropriate degrees of freedom to determine confidence intervals, and each point represents at least nine replicates.
' RESULTS AND DISCUSSION Duplex Assemblies. To determine the total quantum yield of guanine oxidation by photoexcited Ap, we constructed a series of duplex assemblies with Ap separated from CP G by adenine tracts of varying length and measured the decomposition of the radical trap upon irradiation. By comparing the yields of total and single-step CT, we determine the relative contributions of singleand multistep channels (Figure 1 ). Because CP G is a fast radical trap, its decomposition yield represents the total yield of all pathways that lead to oxidation of guanine, as long as back electron transfer is slower than ring-opening. For direct comparison of guanine and adenine oxidation, we also constructed assemblies containing the Quantum Yields for CT. The routes for fluorescence quenching of photoexcited Ap in oligonucleotides have been characterized in detail. The fluorescence of photoexcited Ap in DNA is quenched versus the free nucleoside, even if there is no guanine in the assembly. The presence of a nearby guanine leads to additional quenching of fluorescence by a CT mechanism. 3, 5, 24, 25, [27] [28] [29] Adenine oxidation by photoexcited Ap, while favorable, is far slower than guanine oxidation, as is reduction of cytosine and thymidine by photoexcited Ap. 25 Recent time-resolved fluorescence and transient absorption measurements have revealed that there is a short-lived (e200 fs) excited state of aminopurine that primarily decays through a dark state, with a Journal of the American Chemical Society ARTICLE fraction undergoing relaxation to the longer-lived emissive state capable of CT. 30 On the basis of the known photophysics of aminopurine in DNA, a limit can be inferred for the quantum yield of single-step CT based on the quantum yields of emission from a duplex with a CT-accessible guanine and the analogous duplex replacing guanine with the redox-inactive nucleotide inosine. The relaxation pathways available to an inosine-containing assembly are described in panel A in Figure S1 . It is apparent that
where Φ I em is the quantum yield of emission from an inosinecontaining duplex, Φ nrd is the quantum yield of hot deactivation through a dark state, 30 Φ relfem is the efficiency of emission from the emissive state of aminopurine, k em is the rate of emission from this state, and k A is the rate of charge transfer to adenine from the emissive state of aminopurine.
For a guanine-containing assembly,
where k G is the rate of charge transfer from the emissive state of aminopurine to guanine across the adenine tract. The quantum yield of CT to guanine is
This result is intuitive, as the difference between the quantum yields of emission in the presence and absence of guanine is due to single-step CT from aminopurine to guanine.
We therefore compare in Figure 2 the values obtained as lower limits for single-step CT measured by fluorescence quenching (red) to our measurements for total CT yield from CP G decomposition (blue). Upon irradiation, decomposition is observed for CP G, indicating oxidation of guanine by photoexcited Ap (Table  S2 ). For short donor-acceptor separation (n = 0-2), little ringopening occurs, because charge recombination between the aminopurine anion radical and guanine cation radical is competitive with radical trapping at the CP G (Figure 2) . 16, 24 However, with four intervening adenines, CP G radical decomposition outcompetes charge recombination. The quantum yield for ringopening with respect to generation of excited Ap peaks at about 1% with four intervening adenines followed by a slow decay with longer sequences. The profile for CP G decomposition as a function of distance is similar to that which has previously been observed in other assemblies for oxidation of CP G by photoexcited Ap. 16 Interestingly, the peak value is comparable to the quantum yield (1.7%) of emission from Ap-(A) n -I sequences, 5 which reflects the maximum yield of CT that can be achieved.
For longer A-tracts, with 4-6 intervening adenines, where charge recombination is not competitive, we see that the quantum yield for single-step CT, obtained through fluorescence quenching, does not account for the total CT quantum yield, obtained through CP G decomposition (Figure 2 ). Photoexcited Ap is competent to oxidize adenine directly, generating a hole that can rapidly migrate across the adenine tract to guanine, 4, 31 and thus some component of multistep CT is to be expected. Unexpectedly, however, with 7 or 8 intervening adenines, the quantum yields for single-step CT and total CT are equal; CT appears to be coherent for n = 7, 8. As detailed above, the yields of single-step CT determined from fluorescence quenching and presented in Figure 2 are lower limits on the actual yield of singlestep CT. If CT to guanine competes with CT to adenine, or with conversion to other nonemissive states, then the true yield of single-step CT must be higher than the values we use for the analysis here. On the other hand, in the absence of back electron transfer, total CT is necessarily greater than or equal to the singlestep component. To summarize:
That Φ em I -Φ em G is the same as Φ CT,total CP G for n = 7, 8 implies that
for these bridges and further validates the model for the excited-state dynamics that we have assumed.
Coherent CT across Domains. It is noteworthy that CT appears to be in a single step in those assemblies where the periodic variation in fluorescence quenching is a maximum. We have proposed that these periodicities in CT depend upon transient delocalized domains in the DNA duplex, and how well an assembly can structurally and dynamically accommodate such a domain. From the data presented here, it appears that when the domain is well accommodated, CT is coherent. 5, 32 Moreover, that coherence arises in the domain, including Ap, the 7-8 intervening adenines, and guanine, representing essentially a full turn of the DNA helix (Figure 3 ).
An important consideration, in this context, is whether delocalization itself could slow the ring-opening rate of the CP G. Both experimental and theoretical studies have clearly Journal of the American Chemical Society ARTICLE supported delocalized, CT-active states to be nonequilibrium and populated on the picosecond time-scale, [13] [14] [15] 33 with rapid localization of the hole onto a single nucleotide.
6d,34 Localization of the guanine radical cation occurs on a time-scale similar to that of ring-opening, and certainly far faster than recombination, indicating that the hole trapping rate should be unaffected by domains.
Transition to Single-Step CT. Furthermore, these data provide the first case of single-step CT overtaking incoherent CT at longer distances. This transition is opposite to that generally observed in molecular bridges. [35] [36] [37] [38] The changing contributions of the two mechanisms could not have been determined by solely measuring the total CT yield as a function of distance. The distance dependence for n > 4 is fit comparably by a geometric or an exponential decay ( Figure S2) ; generally, fits of CT rates to these two decays tend to be equivalent for moderate bridge lengths. 39 In fact, the distance dependence of the total yield is similar to that observed for total CT between stilbenes in photoexcited stilbene-capped DNA hairpins, despite that system being incompetent for coherent CT over more than two base pairs. 40 The geometric dependence gives an η of 2.6, corresponding to a small bias toward migration away from the CP G, 41 probably due to Coulombic attraction to the aminopurine anion radical. 42 Oxidation of the Adenine Bridge. To measure oxidation of the bridge, we inserted CP A, an unnatural adenine analogue, into the adenine tract. The potential of the Ap excited state is barely adequate for adenine oxidation, 25 but we find rapid decomposition of CP A upon irradiation of Ap-containing duplexes ( Figure  S3) . 43 As CP A is moved along the 5-adenine tract, there is the same initial increase in yield due to charge recombination competing less favorably with trapping (Table S2) (Figure 4 ). For both bridge lengths, the quantum yield of CP G decomposition when multistep transport is blocked is similar to the quantum yield of emission quenching by guanine. These results provide further support to our assignment of the yield of emission quenching as the yield of single-step CT to guanine.
We also see evidence for delocalization from the sensitivity of CP A decomposition to the sequence distal to the photooxidant. Significantly less CP A decomposition is observed for Ap-
, where the only difference is the number of adenines between CP A and CP G (Table S2 ). For two, but not three intervening adenines, CP G is competent to compete with CP A for the radical. This sensitivity to a distal trap could be due to either polaron formation 6, 7, 19 or transient delocalization along the adenine tract and CP G reporter. We have previously observed similar behavior for oxidation of the higher potential CP C near CP G, although in that case competition was not apparent for more than a single intervening adenine. A disrupts CT substantially, but not totally. The remaining CT yield when multistep transport is blocked is the same as the single-step CT yield determined for these sequences from fluorescence quenching, validating our complementary measurements of the two channels. Error bars are 90% sem. The DNA image was constructed using coordinates generated with the model.it Server.
45 Figure 3 . The higher yield of single-step CT through the eight-adenine tract versus the six-adenine tract is a property of the sequence of the DNA, rather than the distance between the donor and the acceptor. An integer number of fully delocalized domains can be accommodated along the eight-adenine tract, allowing CT between the donor and acceptor and delocalization across the full helical turn (A). The sixadenine tract, below, cannot accommodate delocalized domains along its entire length (B), and single-step CT is limited to a less ideal bridging structure. The DNA image was constructed using coordinates generated with the model.it Server.
Intriguingly, CP A decomposition is insensitive to whether the distant base is inosine or guanine. When there is no guanine at the end of the adenine tract, the single-step CT pathway that leads to fluorescence quenching is eliminated. If single-and multistep CT are in competition, eliminating single-step CT to guanine should lead to an increase in the yield of CP A oxidation, but such an increase is not observed. Hence, single-and multistep CT must be proceeding from different populations. This is consistent with the temperature dependence of the emissive Ap picosecond decay components, which supports the presence of two different populations of assemblies; those in an initially CT-active state proceed to rapid CT, while CT for those in a less active configuration is conformationally gated. 14 
' CONCLUSIONS
Over a long adenine tract that can accommodate well-stacked, delocalized domains, long-distance, single-step CT dominates the overall transport from aminopurine to guanine. At other separations, multistep CT is dominant, even in sequences with shorter donor-acceptor separation, where dynamic delocalized domains do not span the construct. These results reflect the exquisite sensitivity to base stacking that has been documented and underscore the importance of sequence-dependent conformational dynamics in the mechanism and yields of DNAmediated CT. CT through DNA can occur effectively through transiently delocalized regions of the duplex, indeed through a fully delocalized helical turn of DNA. Significantly, models of charge migration in DNA must consider the contribution of coherent transfer over long distances. 
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